Abstract: One challenge faced by the in-home light-emitting diode (LED) optical wireless communication is the optical noises. Here, we first experimentally characterize the effect of optical background noise to the performance of the LED optical wireless communication channel. We demonstrate using Manchester coding for the LED to mitigate the optical noise. No adaptive monitoring, feedback, or optical filtering is required. The theoretical and numerical analysis of Manchester decoding process to mitigate the optical background noise is provided. Our experimental result shows that Manchester coding can significantly eliminate optical noise generated by the AC-LED operated at G 500 kHz and fluorescent light.
Introduction
Nowadays, light-emitting diodes (LEDs) have been used in many places, such as traffic lights, automobile indicators, displays, and flashlights because of the long life-time, high power efficiency, and compact size. Integrating the LED general lighting with communication can provide optical wireless communication [1] - [5] with very low extra cost. LED optical wireless communication offers many transmission advantages, such as electromagnetic interference (EMI) free, license-free, high security. There are several challenges for the practical implementation of the LED optical wireless communication. One of the challenges is the limited direct modulation speed of the white LED. Several techniques have been proposed to solve this issue, including the use of pre-or postequalization [6] , [7] or advanced modulation formats, like discrete multitone (DMT) [8] .
Another challenge faced by the LED optical wireless communication is the optical noise generated by the AC-LEDs or conventional fluorescent lamps. Using adaptive filtering to reduce the optical noise interference has been proposed [9] . This scheme needs to estimate the channel characteristics and the interference signals. It then uses a linear prediction coefficient technique to equalize the received signal. However, continuous adaptive monitoring and feedback are required.
Wavelength filtering to reduce the optical interference has been proposed [10] ; however, redgreen-blue (RGB) LED and optimized planning of illumination coverage are required.
In this paper, we propose and demonstrate using Manchester coding for the LED to mitigate the optical noise. No adaptive monitoring, feedback, or optical filtering is required. Other advantage of the Manchester coding is that it can provide signal synchronization and enhance the clock recovery. Further experiments are carried out to evaluate the performance of Manchester-coded optical wireless communication signal using different noise frequencies, and the experiment results show that Manchester coding performs better than the conventional non-return-to-zero (NRZ) when the optical noise frequency is G 500 kHz.
Principle
This section will briefly discuss the encoding and decoding of the Manchester signal. Fig. 1 shows the schematic bit pattern for the Manchester coding and decoding. In Manchester-coded signal as shown in Fig. 1(b) , the signal transition from low to high represents logic B1,[ while the signal transition from high to low represents logic B0.[ As shown in Fig. 1 , the Manchester signal can be generated by using exclusive-or (XOR) operation of the original NRZ data (blue curve in Fig. 1 ) and the clock (red curve in Fig. 1 ). This signal is applied to the LED source. At the receiver (Rx), the received Manchester signal will be power divided into two parts. One part will be half-bit delayed, as shown in Fig. 1(c) . The received Manchester signal will then subtract its half-bit delayed signal using offline digital signal processing (DSP) or using commercially available different amplifier for decoding. Finally, bit-error-rate (BER) decision can be made at the time interval, as shown in Fig. 1(d) , indicating that the received signal can be correctly decoded when it is compared with the original NRZ signal logic, as shown in Fig. 1(a) . Fig. 2 shows the experimental setup. An arbitrary waveform generator (AWG) (Agilent 33220A) generated a pseudorandom binary sequence (PRBS) 2 10 À 1 of NRZ and Manchester electrical signals with peak-to-peak voltage of 1 V. The bandwidth and the resolution of the AWG are 20 MHz and 14 bits, respectively. The sampling rate is 50 MSa/s. These signals were then directly applied to a LED light (Cree, XLamp XR-E LED), which was DC biased at 2 V. The DC biased was provided by the AWG. The LED has a 3-dB direct modulation bandwidth of about 1 MHz. The white light was It has a bandwidth of 17 MHz and the root mean square (rms) noise of 530 V. Then, the received electrical signal was amplified by an amplifier (Mini-Circuit ZHL-6A) and recorded by a real-time oscilloscope (Tektronix TDS2022B). The bandwidth of the real-time oscilloscope is 100 MHz, with vertical resolution of 9 bits and sample rate of 1.25 GSa/s. In the experiment of using a single LED, an illumination level of 300 lx was maintained (measured by a lux meter), and the transmission distance was about 1.65 m. According to [11] , in a standard room size of 5 m Â 5 m Â 3 m, the LED lights were installed at a height of 2.5 m from the floor. The height of the desk was about 0.85 m. Hence, the distance between the LED lights and the user device that was put on the desk was about 1.65 m. A conventional fluorescent light from a desk lamp was purposely located near the Rx, which deteriorated the optical signal quality from LED optical wireless communication link.
Experiment

Results and discussion
The LED optical wireless communication link using NRZ-and Manchester-coded signals were experimentally evaluated using Q-factors (linear) under different Boptical noise power/thermal noise power (F/T)[ ratios. BER was then calculated according to the measured Q-factors [12] . The thermal noise power at the Rx was measured when all light sources were switched off. The Q factor is defined as
where 1 and 0 are the average received value for logic B1[ and B0;[ 1 and 0 are the noise standard deviation for logic B1[ and B0,[ respectively. Two data rates, i.e., 1.25 Mb/s and 2.5 Mb/s, were evaluated, and the BER against different F/T ratios are shown in Fig. 3 (a) and (b), respectively. The transmitted powers for both coding schemes were the same due to the encoded data for À3 . At the bit rate of 2.5 Mb/s (in this case, we overmodulated the LED light), hence, the Q-factors of both Manchester-and NRZ-coded signals decrease due to the intersymbol interference (ISI) generated by the limited modulation bandwidth of the LED. However, we can also observe that Manchester-coded signal performs better since the differential decoding of the Manchester signal can reduce the ISI and enhance the eye opening of the received signal. Hence, error-free operation can be achieved even the LED is over modulated by about 2.5 times. Insets in Fig. 3 show the corresponding eye diagrams, showing that the Manchester-coded optical wireless communication signal has a clearer eye diagram. In the insets in Fig. 3(a) and (b), we can observe that the eye shape of the received Manchester signal is half-bit period of the NRZ. This is due to the received Manchester signal subtracted its half-bit delayed signal in the demodulation as discussed in Fig. 1 . Hence, the discussion time is at the first half-bit period of the Manchester signal, as indicated by the Bwhite arrow[ in the insets in Fig. 3(a) and (b) .
The radio-frequency (RF) spectra of the Bthermal noise[ and Bfluorescent light and thermal noise[ are shown in Fig. 4(a) and (b) , respectively. The thermal noise is a broadband noise, while the light emitted from fluorescent source has a dominant tone at 90 kHz and a harmonic tone at 180 kHz. All gas discharge lamps, including the fluorescent lamps, require a ballast to operate. The ballast offers a high initial voltage to start the gas discharge process. Also, the ballast converts the 60-Hz main supply frequency to high frequency to operate the fluorescent lamps more efficiently. The conventional fluorescent lamp is usually operated in the kilohertz range. As the spectrum of the Manchester-coded signal does not have the frequency components at low frequency; thus, it can significantly mitigate the background fluorescent noise effectively.
Then, we analyze the principle of Manchester coding to mitigate the optical background noise. In the decoding of Manchester signal as shown in Fig. 1 , the received signal will minus its half-bit delay waveform. The decoding is represented as a transfer function hðt Þ
where T is the half-bit delay time in the decoding process. The Fourier transform of hðtÞ can be expressed as Hðf Þ The power of the transfer function is given as
We can observed the transfer function in (4) is equal to zero at DC (when frequency f ¼ 0) and is maximum when f ¼ 1=2T . Fig. 5 shows the simulation results to explain the noise mitigation principle of the Manchester signal. Fig. 5(a) and (b) shows the power spectra of the NRZ coding and Manchester coding, both with the optical noise at frequency of 0:08=T . Due to the high spectral overlap of the optical noise with the power spectrum of the NRZ signal, strong signal distortion is observed in NRZ case. In the Manchester decoding, the received signal [see Fig. 5(b) ] will go through the decoding process, which is equivalent to passing through a periodic bandpass filter, as shown in Fig. 5(c) [derived in (4) ]. Hence, the optical noise can be effectively filtered, as shown in Fig. 5(d) . When the data rate of the Manchester signal is increased, its power spectrum will shift to higher frequency [see Fig. 5(b) ]. The signal spectrum is frequency shifted away from the optical noise, assuming the frequency of the optical noise is fixed. Hence, the optical noise mitigation can be improved.
Further experiments were carried out to evaluate the performance of Manchester-coded optical wireless communication signal. Here, we used another white-light LED electrically driven by different modulation frequencies to emulate the background noises generated by AC-LEDs operated at different frequencies. The experimental setup was similar to that shown in Fig. 2 . In this evaluation, the noise optical power was equal to the signal optical power. Both Manchester-and NRZ-coded signals were operated at 1.25 Mb/s. Fig. 6(a) shows the BER of the Manchester-and NRZ-coded optical wireless communication signals under different frequencies of the optical noise. Manchester signal performs better than the NRZ signal when the noise frequencies are below 500 kHz. This can be explained using (4). For example, when the frequency of the interference is at f ¼ 0 (DC), the response of (4) is zero, which has an effect of attenuating the noise perfectly. This is the stopband for noise. When f ¼ 1=2T (1.25 MHz in this case), the function reaches a maximum value, and it is a passband for noise. Hence, the Manchester-coded signal has significant signal improvement when the noise is at and near the stopband of (4), and the signal improvement is decreased when the noise is approaching the passband of (4). Fig. 6(b)-(i) shows the corresponding measured 1.25 Mb/s eye diagrams of NRZ-and Manchester-coded signals subjected to different optical noise frequencies, respectively. We can see clearly that the NRZ signal is significantly degraded by the background noise even at now frequency of 100 Hz. For the Manchester-coded signal, although the eye diagram starts to degrade at 200 kHz, error-free transmission ðBER G 1 Â 10 À9 Þ can be achieved.
Conclusion
We have successfully demonstrated using Manchester coding for the LED to mitigate the optical background noises. The Manchester coding has significant effect for signal quality improvement under the interference in particular frequency bands. The Manchester coding is also a line code that provides synchronization, so it is advantageous to use it in communications. Besides the Manchester coding, other forward error correction (FEC) techniques can also be used as the second layer of coding to further enhance the transmission performance. In this experiment, no adaptive monitoring, feedback, or optical filtering was required. At the bit rate of 1.25 Mb/s, the BER of Manchester-coded optical wireless communication was error-free ðQ 9 14Þ in all the measurements, while the transmission of the NRZ-coded optical wireless communication produced error even at low F/T of 10 dB. When the F/T increases to 40 dB, the BER of the NRZ-coded optical wireless communication is only 1:5 Â 10 À3 . At the bit rate of 2.5 Mb/s (in this case, we over modulated the LED light), hence, the Q-factors of both Manchester-and NRZ-coded signals decreased due to the ISI generated by the limited modulation bandwidth. However, we have observed that Manchester-coded signal performed better since the differential decoding of the Manchester signal can reduce the ISI and enhance the eye opening of the received signal. Hence, error-free operation can be achieved even the LED was over modulated by about 2.5 times. The theoretical and numerical analysis of Manchester decoding process to mitigate the optical background noise has been provided. Further experiments have carried out to evaluate the performance of Manchester-coded optical wireless communication signal using different optical noise frequencies generated by AC-LEDs, and the experiment results showed that Manchester coding performed better than the conventional NRZ when the noise frequency was G 500 kHz.
